Five infants (two girls and three boys) from four families all had severe pre-and postnatal growth retardation, profound developmental delay, microcephaly, hypoplasia of the brain with Dandy-Walker complex or other posterior fossa malformations, and developed uncontrollable clonic seizures. Four infants developed Wilms tumors, and one showed cystic lesions in bilateral kidneys. All ®ve infants showed variegated mosaic aneuploidy in cultured lymphocytes. In two infants whose chromosomes were prepared by us, 48.5%±83.2% lymphocytes showed total premature chromatid separation (PCS). Their parents had 3.5%±41.7% of their lymphocytes in total PCS. The remaining three infants and their parents, whose chromosomes were prepared at outside laboratories, tended to show lower frequencies of total PCS. Another ®ve infants reported with the disorder were reviewed together with the ®ve infants we described. Together, their clinical and cytogenetic manifestations were similar enough to suggest a syndrome. Seven of the 10 infants developed proven or probable Wilms tumors. The age at diagnosis of the tumors was younger than usual at 2±16 months. The tumors were bilateral in four infants and unilateral in three infants, and cystic changes were present in six infants. Two infants developed botryoid rhabdomyosarcoma. The carriers of the syndrome are thus liable to tumorigenesis. The possible role of mitotic checkpoint defects, proven in two infants with the syndrome (Matsuura et al. [2000: Am J Hum Genet 69:483±486]), was discussed in connection with tumor development and progression.
INTRODUCTION
Mosaic aneuploidies, especially trisomies, double trisomies, and monosomies involving a variety of chromosomes, called``mosaic variegated aneuploidy'' (MVA), have been described in three categories of individuals. They are (1) those with MVA as a sole chromosome abnormality, (2) those with MVA and high frequencies of cells with premature separation of sisterchromatids in all chromosomes, called``total premature chromatid separation'' (total PCS), and (3) those with MVA and total PCS whose parents have 3% or more cells with total PCS. The category of isolated MVA has been reported in three pairs of sibs with microcephaly, growth retardation, multiple malformations, and with or without mental retardation [Tolmie et al., 1988; Papi et al., 1989; Flejter et al., 1998 ] in a sib pair of a 4-month-old girl and an induced abortus [Nash et al., 1997] and in a subfertile man without phenotypic abnormalities [Rosensaft et al., 1999] . The category of MVA and total PCS has been reported in three unrelated individuals with microcephaly, growth retardation, severe mental retardation, and other abnormalities [Miller et al., 1990; Warburton et al., 1991; Limwongse et al., 1999] . Their parents were either negative [Miller et al., 1990] or not studied for total PCS [Warburton et al., 1991; Limwongse et al., 1999] . The third category of MVA, total PCS, and parental total PCS has been reported in six unrelated individuals with microcephaly, growth retardation, severe mental retardation, and with or without multiple malformations [Kajii et al., 1998; Kawame et al., 1999; Plaja et al., 2001] .
We describe ®ve infants in the third category and review another ®ve infants in the literature. Their clinical manifestations, including malformations in the posterior cranial fossa and frequent Wilms tumor and rhabdomyosarcoma, are similar enough to suggest a syndrome.
CLINICAL REPORTS Patient 1
Patient 1, a boy, was born at full-term to a 37-year-old primigravida mother and a 37-year-old father, both healthy and nonconsanguineous. His birth weight was 2,642 g (±1.4 SD); length, 44.5 cm (±2.8 SD); and occipito-frontal head circumference (OFC), 30.5 cm (±1.7 SD). When referred to us at age 8 weeks with feeding dif®culties, he weighed 3,877 g (±2.4 SD); length, 52.5 cm (±2.5 SD); and OFC, 31 cm (±4.3 SD). He had severe microcephaly but otherwise had no external malformations. Magnetic resonance imaging (MRI) of the brain demonstrated partial hypoplasia of the cerebelllar vermis, a prominent cisterna magna, and an enlarged posterior fossa, but without enlargement of the fourth ventricle.
A 7-cm solid mass was palpable in the right upper abdomen, and abdominal imaging studies showed a tumor in the lower pole of the right kidney. His systolic blood pressure was elevated at 108 mm of Hg. Urinary protein was positive and contained 8,240 mg/l of b2 microglobulin. The plasma renin activity was 350 ng/ml/hr (normal 0.3±2.9 ng/ml/hr), and the plasma aldosterone level was 2,600 pg/ml (normal 35.7±240 pg/ml). Serum erythropoietin was increased at 503 mV/ml (normal 8±36 mV/ml). Right nephrectomy was performed at age 9 weeks. Histological examination demonstrated a stage I Wilms tumor, mainly composed of blastema cells and in part of tubular structures, but without cystic changes. Numerous clusters of persistent embryonic cells were noted con®ned to the periphery of the renal lobe (perilobar nephrogenic rests by Beckwith [1998] ). At age 4 months, he developed uncontrollable clonic seizures. He died of pneumonia at age 5 months.
Patient 2
Patient 2, a girl, was born to a 23-year-old primigravida mother and a 24-year-old nonconsanguineous father after a pregnancy complicated by oligohydramnios and intrauterine growth retardation. The baby was delivered through Caesarian section at 37 weeks of gestation. She weighed 1,634 g (±2.8 SD), measured 40 cm (±3.7 SD), and had an OFC of 26 cm (±3.9 SD). She had neonatal hyperbilirubinemia, and at age 3 months developed frequent, uncontrollable seizures. Intracranial imaging studies showed hypoplasia of the brain, agenesis of the corps callosum, and DandyWalker complex type A [Barkovich et al., 1989 ] with a hypoplastic cerebellar vermis, an enlarged fourth ventricle, and an enlarged posterior fossa. Abdominal CT at age 10 months showed a multicystic tumor in the left abdominal cavity, whereas the right kidney appeared normal. Left nephrectomy performed at age 11 months produced a multicystic and partially solid, well-differentiated, stage I Wilms tumor that was 12 Â 12 Â 7 cm [Endo et al., 1999] . She received postoperative chemotherapy.
At age 11 months, she measured 65.7 cm (±2.9 SD), weighed 9.2 kg (0.4 SD), and had an OFC of 52.5 cm (1.6 SD). She had bilateral cataracts. Brain MRI at age 3 years indicated advanced internal hydrocephalus with brain atrophy. Now aged 5 years, she is bed-ridden and tube-fed. She is speechless, spastic, and barely reacts to sound.
Patient 3
Patient 3, a girl, was delivered at 32 weeks of gestation through Cesarean section to a 39-year-old mother and a 40-year-old father, both healthy and nonconsanguineous. Ultrasonography at 6 months of pregnancy revealed fetal growth retardation and microcephaly. At birth, she weighed 1,160 g (±2.4 SD), measured 37 cm (±1.5 SD), and had an OFC of 22.5 cm (±3.8 SD). When transferred to us the following day, she had respiratory distress, growth retardation and severe microcephaly with a closed large fontanel, bilateral cataracts and right microphthalmia, a webbed neck, and generalized hypotonia. MRI of the brain at age 11 days showed hypoplasia of the brain and DandyWalker complex. At age 6 weeks, she developed uncontrollable clonic seizures. Abdominal graphic studies at age 7 months demonstrated a multicystic tumor in the upper pole of the right kidney. Right nephrectomy was performed and documented a stage I polycytic Wilms tumor with favorable histology. The cysts were surrounded by blastema cells, tubular or glomerular elements, stromal cells, and interspersed striated muscles. Within the renal lobes there were areas consisting of multiple cell types, including abundant immature and mature stroma (intralobar nephrogenic rests by Beckwith [1998] ). When discharged at age 10 months, she weighed 3.54 kg (±5.8 SD), measured 54 cm (±7.8 SD), and had an OFC of 33.7 cm (±6.2 SD). She died at home 6 months later.
Her two older sisters both had had severe microcephaly, pre-and postnatal growth retardation, severe mental retardation, and bilateral cataracts; developed seizures and bilateral, well-differentiated polycystic nephroblastoma; died at ages 12 months and 16 months, respectively; and were autopsied [Nakamura et al., 1981 [Nakamura et al., , 1985 . The ®rst sister had arrhinencepaly, agenesis of the corpus callosum, hypoplasia of the cerebellum, and botryoid sarcoma of the vagina extending to the bladder [Nakamura et al., 1981] . Her chromosomes were reportedly normal. The second sister had trisomy 8 in 16% of the cells analyzed [Nakamura et al., 1985] . Autopsy showed DandyWalker complex type A with a large cyst in the posterior fossa connected to the fourth ventricle, defect of the lower cerebellar vermis, and moderate hydrocephalus. The brain was small and pachygyric.
Patient 4
Patient 4, a boy, was born at 40 weeks of gestation to a 25-year-old mother and a 26-year-old father, both healthy and nonconsanguineous. His birth weight was 2,142 g (±2.6 SD); length, 42 cm (±4.2 SD); and OFC, 28.4 cm (±2.8 SD). MRI of the brain in the neonatal period showed Dandy-Walker complex type A with hydrocephalus, hypoplasia of the brain, and partial agenesis of the corpus callosum. He was referred to us at age 3 months with a polyp-shaped mass at the urethral ori®ce of the penis. Ultrasonography, CT, and cystography indicated a grape-shaped tumor extending from the bladder to the posterior urethra. A biopsy specimen from the tumor was diagnosed as botryoid rhabdomyosarcoma, and the tumor was resected at age 7 months. A mass was palpable in the left abdomen, and abdominal CT showed multicystic, partially solid lesions in both kidneys, more pronounced on the left than on the right. He was treated with three courses of chemotherapy with vincristine, actinomycin D, and cyclophosphamide. At age 4 months, he developed uncontrollable seizures. Hydrocephalus progressed and he died at age 13 months. Autopsy was not granted.
Patient 5
Patient 5, a younger brother of patient 4, was born 2 years later at 41 weeks of gestation. His birth weight was 1,985 g (±3.4 SD); length, 40 cm (±5.4 SD); and OFC, 28.4 cm (±2.8 SD). MRI of the brain demonstrated Dandy-Walker complex type B [Barkovich et al., 1989] , enlarged ventricles, hypoplasia of the brain, and hypoplasia of the corpus callosum. Abdominal sonography showed multicytic lesions in bilateral kidneys. At age 4 months, he developed uncontrollable clonic seizures. The renal tumors, especially that on the right, increased in size. He died at age 7 months of hemorrhage into the tumors. A biopsy specimen taken after death from the right kidney indicated polycystic nephroblastoma.
CYTOGENETIC STUDIES
Peripheral blood lymphocytes from patients 1 and 2 and their parents were cultured in RPMI1640, arrested for 3 hr with 0.4 mg/ml of Colcemid, treated at 328C for 20 min in 0.075 M KCl maintained in a water bath, and ®xed in 1:3 acetic methanol. Chromosomes were spread onto glass slides at 238C±258C room temperature under 50%±55% ambient humidity. In some of the repeat lymphocyte cultures, cells were arrested with 0.04 mg/ ml of Colcemid for 2 hr, treated with 0.075 M KCl at 378C for 20 min in a water bath, and ®xed, and chromosome slides were prepared. The chromosomes were either solid-stained or G-banded. At least 200 metaphases in each culture were scored for total PCS. Both methods resulted in comparable frequencies of cells with total PCS. The chromosomes of patients 3±5 and their parents were processed at outside laboratories but analyzed by us. Those from patient 3 and her parents were treated with 0.075 M KCl at room temperature for 10 min. Those from patients 4 and 5 were processed at yet other laboratories, but their processing condition is unknown to us. Their parents were unavailable for study. Table I summarizes the results of chromosome analyses of cultured lymphocytes in the ®ve infants and their parents. Patients 1±5 all showed 9%±32% aneuploid cells, especially trisomies and double trisomies, but also monosomies. Virtually every chromosome was involved in the aneuploidy, but trisomies 7 and 8 were relatively frequent. Their parents, on the other hand, did not show increased aneuploid cells. Patients 1 and 2, whose chromosomes were processed by us, showed 48.5% and 83.2% cells, respectively, in total PCS (Fig. 1) . Their parents had 3.5%±41.7% cells in total PCS.
The chromosomes from patient 3 and her parents were prepared at an outside laboratory and treated with hypotonic KCl at room temperature for 10 min: the patient showed 10.5% cells in total PCS, and her parents were negative for the ®nding. Patient 4, whose chromosomes were prepared at another outside laboratory, showed only 36% of cells in total PCS. These lower frequencies of cells in total PCS processed at outside laboratories were interpreted as a re¯ection of technical difference in chromosome preparation, especially the lower temperature and shorter duration of hypotonic KCl treatment.
Cultured skin ®broblasts from patient 1 had 35% cells in mosaic aneuploidy, of which trisomies 7 and 18 were frequent, and 50% cells in total PCS (Table I) . Blymphoblastoid cell lines were prepared from patients 1 and 2 and their parents, using EB virus stimulation. Their chromosomes were studied within 4 weeks of the initiation of culturing. Cells were arrested with 0.1 mg/ ml of Colcemid for 3 hr and treated with 0.075 M KCl at 378C for 20 min. The lymphoblastoid cells from patients 1 and 2 included 25% and 39% cells in mosaic aneuploidy and 78.3% and 53.7% cells in total PCS, respectively (Table II) . The cells from their parents showed no increase of aneuploid cells, but had 3.8%± 5.9% cells in total PCS. 
DISCUSSION
The clinical and cytogenetic ®ndings in the ®ve infants we described are summarized in Table III , together with another ®ve infants in the literature with similar clinical and cytogenetic ®ndings. Together, their clinical and cytogenetic manifestations are similar enough to suggest a syndrome. They included (1) more than 50% of mitotic lymphocytes with total PCS (7 in 9 infants), (2) mosaic variegated aneuploidy (10/10), (3) pre-and postnatal growth retardation and profound developmental delay (10/10), (4) severe microcephaly (10/10), (5) hypoplasia of the brain with Dandy-Walker complex or other malformations of the posterior fossa (10/10), (6) uncontrollable clonic seizures (8/10), and (7) both parents with 3% or more mitotic lymphocytes in total PCS (7/8). Less frequent clinical manifestations included minor facial abnormalities, bilateral cataracts, microphthalmia, cleft palate, ambiguous genitalia in males, and skin abnormalities. Of the 10 infants, 7 developed de®nite or probable Wilms tumor, and 2 showed botryoid rhabdomyosarcoma. The disorder is thus prone to tumor formation. Seven infants died within 3 years of age, and three are alive at reporting, at ages 5 years, 9 months, and 5 months, respectively.
The seven infants who developed de®nite or probable Wilms tumors are presented in Table IV . The tumors were unilateral in three infants and bilateral in four infants. Approximately 5% of Wilms tumors are known to involve both kidneys either at presentation or later [Breslow et al., 1988] . Thus, bilateral involvement was much more frequent in the present series. The age at diagnosis of Wilms tumor in the nine infants was 2±16 months, younger than the mean age of 29.5 months for males with bilateral tumors and 32.6 months for females with bilateral tumors [Breslow et al., 1993] . Six infants in the present series had polycystic lesions, whereas one (patient 1) had a solid tumor. The cystic elements in polycystic nephroblastomas result from progressive dilatation of differentiated tubules and so indicate the presence of well-differentiated tubular elements in the tumors [Christ, 1968] . Both intra-and perilobar nephrogenic rests were observed in the present series (patients 1 and 3) [Beckwith, 1998] . Summarizing these ®ndings, most of the Wilms tumors in the present series were noted at a young age, bilateral, polycystic, and showed favorable histology.
Of the 10 infants, 5 boys and 5 girls were affected. Two older sisters of patient 3 were similarly affected, although their cytogenetic analyses were incomplete [Nakamura et al., 1981 [Nakamura et al., , 1985 . Patients 4 and 5 were brothers. The parents in the nine families were all phenotypically normal. The clinical manifestations of the disorder thus appear to be autosomal recessive. This, however, is not contradictory to our previous suggestion that the total PCS trait is a conditional codominant trait in which the putative homozygous state is more severe than the heterozygous state [Kajii et al., 1998 ].
As mentioned earlier, three categories of individuals have been reported with mosaic variegated aneuploidy (MVA). They are (1) those with MVA as a sole chromosome abnormality, (2) those with MVA and high frequencies of cells with total PCS, and (3) those with MVA and total PCS whose parents have 3% or more cells in total PCS. Of the ®ve infants we described and another ®ve infants we reviewed, at least seven belong to the third category. The clinical manifestations of the individuals in the three categories varied widely, but most of them shared microcephaly, growth retardation, and severe mental retardation. Some of them developed malignancies. A 7-year-old boy reported by Limwongse et al. [1999] with MVA and cells in total PCS developed embryonal rhabdomyosarcoma of the palate. Patient 1 described by Plaja et al. [2001] died at age 42 years of acute nonlymphocytic leukemia. A 3-year-old boy with MVA reported in an abstract by Jacquemont et al. [2000] died of lymphoblastic leukemia. We assume that most if not all individuals in the three categories belong to the same disorder in view of their clinical similarities. The 10 infants we reviewed are likely to represent the severe end of the wide clinical spectrum. The apparent absence or low frequencies of cells in total PCS in some of these individuals or their parents are 9, 11, 12, 13 , and 15 in one cell each; À12, 13, 21 in one cell; À10, ®s(10)(p10), ®s(10)(q10) in one cell; 9, X in one cell; 9, 12, 15 in one cell; À7, 2, ®s(7)(p10), ®s(7)(p10), 8 in one cell. likely to re¯ect technical difference in chromosome preparation. Alternatively, the cells in total PCS in some instances may have been overlooked during lowpower scanning. Matsuura et al. [2000] demonstrated in cultured ®broblasts from two infants with the disorder (patient 1 from this study and the patient reported by Kawame et al. [1999] ) that these cells are insensitive to a Colcemid-induced mitotic checkpoint to enter G1 and S phases without sister chromatid separation and cytokinesis. Their ®broblasts also had aneuploidy and total PCS. Both infants developed Wilms tumors. The occurrence of aneuploid cells in these mitotic checkpoint-insensitive ®broblasts may be due to premature anaphase even in the absence of spindle inhibitor. Cells with experimentally produced heterozygous deletion of MAD2, a mitotic checkpoint gene, have shown aneuploidy and total PCS [Michel et al., 2001] . MAD2 /± mice developed papillary lung adenocarcinomas of a high rate after long latencies, implicating defects in the mitotic checkpoint in tumorigenesis. The similarities of the human cancer-prone syndrome we described and the murine lung tumors are intriguing. They differ, however, in that the carriers of the human cancers are likely to be homozygous for the presumed mitotic checkpoint gene, whereas the mice that develop lung tumors are heterozygous for MAD2 mutation. Detection of the gene for the human cancer-prone disorder we described should clarify the role of mitotic checkpoints in tumor initiation and progression. 
